Abstract -In this paper, we investigate the sensitivity and selectivity of lead sulphide colloidal quantum dots (CQDs) gas sensor. The benefits of CQDs, compared to commercial bulk sensor gas, are a large surface/volume ratio, a lower operating temperature, an easy deposition process and a precise control of dimensions to increase sensor sensitivity. The sensor is based on a chemo-resistive device with an active layer composed by PbS CQDs deposited on interdigitated metal contacts with a ligand exchange treatment. The sensor performance are validated on different gas pollutants (NO2, NO, CO2 and CO) for increasing gas concentrations and times. The sensor shows high selectivity towards NO and NO2 against CO and CO2 at room temperature.
I. INTRODUCTION
Commercial chemo-resistive sensors are widely used to detect explosive, toxic and volatile gases even at low concentration (in the range of hundreds of ppb) [1] [2] . Unfortunately, high selectivity, fast response and fully recovery of these sensors generally require high operation temperature (200-600 °C) [3] . This constraint causes high power consumption and reduces the possibility to extend these sensing materials on low cost polymeric substrate, thus limiting their application in those scenarios such as air quality monitoring where low cost or even disposable devices have to be deployed to operate in large network demonstrating high accuracy and good selectivity. On the other hand, polymer based sensors that make use of nanofibers can achieve good sensitivity at room temperature but they are limited by a poor selectivity. Only complicated pattern recognition algorithms can permit a suitable data analysis for these devices [4] [5] . For such reasons, gas sensors should be fast, recoverable, selective and very sensitive at lower temperatures [6] .
Colloidal quantum dots (CQDs) have recently attracted a great interest in the manufacturing of gas sensors due to their extremely large surface-to-volume ratio and low temperature process. CQDs are semiconductor nanoparticles suspended in solution that can be easily synthesized and deposited using simple, low-cost techniques [7] . In addition, CQD is a highly tunable material, where the control of geometric dimensions of the nanoparticles, plays a pivotal role in sensor sensitivity as already reported [3] . Moreover, the CQD tuneable optical properties have been already exploited in several optoelectronic devices, including light emitters [8] , lasers [9] , solar cells, and photodetectors [10] . CQDs allow low manufacturing costs, low process temperatures, large area production and are compatible with a wide variety of substrates, including silicon, offering very interesting opportunities of integration with electronic circuits [11] [12] [13] . Despite these interesting properties, these materials have not been extensively employed as gas sensing devices: in fact, few examples can be found in literature for the detection of gases such as H2S and NO2 using PbS, SnO2 or ZnO QCDs [1] [2] [3] [14] [15] . In this work, we investigate the properties of PbS CQDs based gas sensors in detecting different pollutants to monitor indoor air pollutants at room temperature. Commercially available PbS quantum dots are deposited on oxidized silicon wafer with interdigitated metal contacts. This process includes a ligand exchange to increase the device conductivity. Then, the sensor response is tested for four different gases: NO2, NO, CO and CO2 at different concentrations for increasing times.
II. EXPERIMENTAL

A. Sensor Fabrication
For the development of the gas sensor, a commercial solution of PbS CQD was used. This solution was chemically treated to replace the long ligand of the nanoparticles (too long to allow tunnelling [16] ) with a shorter one (butylamine). The solution was deposited by drop-casting on samples of oxidized silicon provided with pairs of interdigitated metal contacts with 10µm pitch. The metal used was a Ti/Au bi-layer with a whole thickness of 150 nm. In this phase, we proceeded to deposit the CQDs, alternating with a layer of butylamine, used to bring nanoparticles closer. Finally, the devices were immersed in the methanol, in order to eliminate also the short ligand. In this way, the nanoparticles get even closer, increasing the conductivity of the material. The procedure of deposition of the two solutions was performed ten times in order to obtain a thickness of about 500 nm. Figure 1 schematically shows the basic procedure of deposition of CQDs on the interdigitated metal contacts. Ti/Au contacts. The sensing material is iteratively deposited in multi-layer structure.
B. Setup
Each sensor was connected with metal pins inside a small custom gas chamber with a volume of 70 ml, equipped with an upper shield to allow uniformly gas diffusion (see figure 2) . The metal pins of the chamber were connected with a multimeter Keithley 2440. This instrument was used to bias the sensor at 1V and measure the resistance variation. Through a LabVIEW program, we acquired the signal every 200 ms. The gases were injected inside the chamber at different concentrations at a fixed temperature and relative humidity without any internal lighting to avoid sensor instabilities. Gases were injected with three digital mass flow controllers with a maximum range of 200 sccm/N2 each. The testing quantities of gas concentration were diluted in nitrogen and this latter gas was also used to purge the sensors after each measure. Figure 2 shows sealed chamber, where the sensors for the measurements can be housed. The chamber is composed by a gas inlet (A); a bell gas containment (B); a Derlin® support (C); a board with electrical connections (D); a flow shield (E); a sealing ring (F); a gas outlet (G). To control the temperature of the flow and/or to cleaning procedure, a heater can be used. Moreover, to avoid turbulent or direct flow on the devices, the shield can be moved to control the gas inlet.
Fig. 2: The layout of the testing chamber (left) a picture of the chamber in the setup (right).
C. Measurements
We tested four different gases on the gas sensor: NO2, NO, CO and CO2. We evaluated the percentage change in resistance of the gas sensor at different concentrations of the target gases ( figure 3) ; then we observed the dynamic response of the device with two on/off test cycles at the lower possible concentration of the setup (2.76 ppmmol) at room temperature (figure 4).
We applied 400 sccm of N2 and we modified the flow rate of the testing gases to change the concentration. A simple proportion between the injected flow and the concentration of the gas in the tank was used to determinate the gas concentration in the chamber (see Eq. 1).
Where Concc is the concentration of the gas chamber, ConcT is the concentration of the gas tank, VGT is the volumetric flow rate of the gas test and VN2 is the volumetric flow of N2.
III. RESULTS Figure 3 shows the dependence of the response of the sensor on concentration of NO2, NO, CO and CO2 at room temperature. The response of the NO2 is linear between 2 and 50 ppmmol, after 50 ppmol the gas sensor response starts to saturate. In addition, it must be pointed out that we can observe a 25% variation of the initial resistance with a concentration of 2.76 ppmmol, suggesting the possibility to sense even lower concentration of NO2.
Fig. 3: Dependence of the response of the gas sensor on concentration of NO2, NO, CO and CO2 at room temperature. The response of the NO2 is linear between 2 to 50ppmmol while the NO is linear between 2 and 80 ppmmol. The sensor does not detect CO and CO2 variation at room temperature.
Similar considerations can be made for NO. Again, the sensor response is linear between 2 and 80 ppmmol and at 2.76 ppmmol we can observe a resistance variation of the 10%. CO and CO2 cannot be detected at room temperature but we speculate that at different temperatures it could be possible to evaluate a different selectivity towards these gases. The dynamic response of the gas sensor was studied by applying multiple cycles of injection and purge of the test gases in the gas chamber at room temperature. Figure 4 shows the dynamic response curves of the gas sensor with a concentration of 2.76 ppmmol of the test gases. In that picture, the response of the device shows a good trend respect to NO and NO2 and their recoverability.
The theoretical detection limit with signal-to-noise ratio (SNR) of 3, is calculated according to the Eq. 3. This equation is based on the signal noise of the sensor calculated using the root-mean-square-deviation (RMSD) of the variation of the sensor response without the gas test [2] . The number of points used are 500 and the deviation standard (S) of these points is 0.04 obtaining the sensor noise value according to the Eq. 2. The results show a detection limit of 4.9 ppb for the NO2 and a detection limit of 15.9 ppb for the NO.
Thanks to the ligand removal treatment, the PbS surface is further exposed to the gas molecules. With the NO2 and NO gases, the molecules bind with the Pb 2+ through O, introducing more charge transfer by p-type doping [3] . This chemical phenomenon induces an increase of holes concentration that brings down the resistance of the device [3] . The rapid response with the gas is probably due to the porous and large surface of the CQDs film [3] . In addition, the modest binding energy of the NO2 and NO molecules allows a fast recovery time and a fully reversible process [3] .
IV. CONCLUSION
In this paper, we tested a new type of gas sensor based on PbS CQDs. The advantages of this sensor compared to commercial chemo-resistive sensor are related to an easy and low temperature fabrication process, a lower working temperature and a high control of the nanoparticles dimensions that can be used to tune device sensitivity. The high surface-to-volume ratio, obtained by ligand removal, allows easy access of gas molecules on the sensor surface. In particular, we demonstrated the ability of the sensing material to easily discriminate specific gases such as NO and NO2 at room temperature. Moreover, some interfering gases such as CO and CO2 cannot be detected in these testing conditions. Finally, cycling measures in time exhibit a low device drift and a good response and recovery time. These preliminary results can pave the way to the fabrication of low cost high sensitive devices for gas pollutants detection.
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